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Abstract: In order to limit the anthropic emissions of CO2, research is currently investigating new
materials for the building sector. The main purpose is the reduction in the embodied energy
consumption, especially in the residential sector, and consequently the limitation of the direct and
indirect utilization of fossil fuels, for the indoor heating, cooling, and ventilation services. Indeed,
the residential sector is affected by a high energy demand, thus the choice of improved materials is
fundamental to improve the sustainability. All phases: construction, building life, and dismantling
are impacting in terms of resource and energy consumption, both associated with the emissions
of pollutants in the atmosphere. The aim of this experimental research is to study the thermal
insulation and the acoustic absorption of a material composed by natural lime, water, and shives
from sativa hemp, a variety of hemp usable for industrial applications. In order to assess the main
characteristics of this material, some specimens have been made according to required shapes and
sizes to test them in specific machines. The results obtained from the tests are compared with the
values of similar lime-based materials already available on the market. The comparison shows how,
in certain aspects, the lime and hemp shives materials represent a concrete alternative to conventional
materials. This completely natural material would like to achieve thermal and acoustic comfort in
indoor environments.
Keywords: acoustic absorber; thermal insulation; bio-composite material
1. Introduction
The adoption of energy saving approaches in the construction sector is called “green building” [1].
In fact, this term is associated with the philosophy, techniques, science, and know-how related
to the saving of energy and resources used from “cradle to grave” of a building [2]. The concept
was introduced in Europe by the “Directive on the energy performance of buildings” (2010/31/EU)
and implemented in subsequent years by all European countries [3]. In Italy, it was converted into law
n. 90/2013 [4]. In order to develop this construction technique, it was decided to create a database
of case studies. In this way, useful guidelines are created to design and build ever more efficient
buildings [5].
Embodied energy reduction allows to preserve the environment by reducing climate-changing
emissions substances such as CO2 [6]. Among the techniques used for this purpose there are:
using waste materials from other sectors, recycled materials [7], natural materials [8], and renewable
energy [9]. The use of plant-based materials is considered a technique with many future implications
in the environmental acoustics sector. These products have cost, weight, and sound absorption
characteristics comparable with traditional materials [10].
In addition to the engineering characteristics, innovative materials must be able to make the
environment comply with the specifications required by the standards. In Italy, the decree 5 December
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1997 of the President of the Council of Ministers dictated the guidelines that a building must possess to
comply. From an acoustic point of view, it must guarantee that it has passive acoustic requirements,
such as reverberation time [11] and soundproofing power of elements separating rooms [12].
The “green” material creation composed of bio-lime and shives has the purpose of challenging
the materials traditionally used in the thermal insulation and sound absorption fields. These materials,
such as traditional insulating mortars, rock wool and various kinds of polyurethanes, are highly
impactful in their construction and therefore the ideal would be to replace them with materials that
have a significantly lower embodied energy, that represents the energy used throughout the entire life
cycle of a good or service [13,14]. From this point of view, the material object of the study is much
less impactful than a mortar commonly available on the market. This theory is reinforced by the fact
that hemp is a plant that, during its life cycle, absorbs CO2 and transforms it into oxygen. Therefore,
the compound under examination generates a lower amount of CO2eq than a traditional mortar [15].
The material that is the object of the study has the great advantage of being able to be used in
the restoration of heritage buildings [16]. Both natural hydraulic lime and hemp are considered to be
materials with the technical and chemical-physical specifics that are required by heritage building.
Thanks to the absence of harmful materials, such as water-soluble salts, the mixture in lime and shives
is safe and respectful of the ancient constructions. The clinker-based cement, despite having a great
structural capacity, does not possess the qualities of a natural material, therefore it is not usable [17].
Sustainable restoration involves the use of materials, compatible with those already present in the
building, which are long-lasting and recyclable in the future [18]. Natural lime and shives respect these
specifics, thence they can be adopted. Another positive aspect related to a possible use of this material
is related to its flammability class which, according to UNI EN 13501-1 of 2019 [19], is classified in the
A1 category (incombustible material), like traditional insulators.
There are some studies based on the same topic in the literature [20–23]. Hamzaoui et al. recently
investigated the mechanical performance of mortar, considering the addition of hemp [20]. The paper
reveals that the addition of shives or fibres produces a reduction in the mechanical performance of
the material, while the addition of milled fly ashes shows benefits for the compressive and flexural
performance. Çomak et al. investigated the mechanical performance due to the addition of hemp
fibres in a cement-based mortar, obtaining similar results [21].
The heat conductivity of a hemp–lime composite material has been recently assessed by
Pochwala et al., reporting interesting values for the building insulation [22].
The physical and mechanical properties of composites based on hemp shives and lime have
been assessed by Przemysław Brzyski and Grzegorz Łagód in [23]. In detail, mechanical, thermal,
and hygroscopic tests have been carried out on lime and hemp shives-based specimens. In addition,
in this case it has been shown that the values are influenced by the relationship between the two
mixed products. If the presence of the filler increases, the thermal characteristics improve, and the
mechanical and hygroscopic ones worsen. This study encourages the adoption of this type of material
thanks to the good thermal characteristics that are obtained by increasing the percentage of hemp
shives. A substantial increase can only be accepted if there are no structural strength problems. In fact,
the mixture must be used as an insulator placed on a supporting structure.
According to the authors’ knowledge, an integrated study assessing the mechanical, thermal,
and acoustic properties of this kind of material is necessary for practical applications. Thence, this paper
focuses on the realization of three types of specimens by varying shives percentage and then testing them
mechanically (flexion and compression), thermally (thermal conductivity coefficient λ) and acoustically
(sound absorption coefficient α). The results obtained from the experimental test have been compared
with the values present in the literature of materials commonly available on the market, highlighting
the differences, the advantages, and the critical points.
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Shives: Role in Construction
The benefits obtainable from hemp use are variegated [24]. As an example, its presence guarantees
humidity control, due to its hygroscopicity, which allows it to accumulate and release humidity and
consequently guarantee good hygrometric conditions in the environment. As an example, glass wool
and classic materials do not have this property [25].
In the treatment of the thermal conductivity coefficient, it is necessary to examine the thermal
bridges generated in the various areas of the building. This aspect has been studied on various
composite materials obtained with a hemp base. Thermal bridges, such as external edges and windows
in the wall, are very common and present in every building structure. In both cases, it has been obtained
that, with the appropriate construction strategies, such as the accurate stratigraphy of the wall and the
presence of wooden elements, thermal bridges can be managed, limiting the heat dispersion [26].
Therefore, the adoption of new materials, such as the hemp–lime composite, requires the
realization of specific tests, in order to verify the correct thermal insulation and sound absorption [27].
The possibility of making bricks has been also studied [28,29]. They guarantee greater massiveness than
a panel of less thickness. This technique has shown that the load-bearing structure itself guarantees
acoustic comfort without further intervention on the wall stratigraphy [30].
From the thermal point of view, there are many studies that affirm the good response of composed
material of lime and hemp shives [24,31]. As the material density decreases, the thermal conductivity
coefficient decreases as well and, therefore, the wall thermal performance improves. At the same time,
there is a limit due to the mechanical strength of the compound. Therefore, an appropriate compromise
must be found between mechanical resistance and thermal insulation [32].
2. Materials and Methods
The compound here considered was made with natural products. The matrix is a white Natural
Hydraulic Lime NHL 3.5 according to the UNI EN 459-1 classification [33]. This lime does not contain
clinker or cement. Water is used as binder. This type of lime has a low environmental impact since it
has a long-life cycle and can be recycled to create new mortars [34].
The filler is shives, obtained by the woody part of the hemp plant without psychotropic effects.
The European Industrial Hemp Association (EIHA) reports growing values regarding its cultivation in
European territory. This growth is linked to the diffusion of its use in industrial fields, such as textiles,
food and construction [35]. In Italy, the cultivation and processing of hemp is regulated by law n.
242 of 2 December 2016 [36].
The experimental protocol focused on the creation of specimens necessary to establish the
mechanical, thermal, and acoustic characteristics of the material being tested. The study was divided
into three phases:
1. Preliminary analysis and material preparation
2. Screening and specimen’s preparation
3. Experimental tests
2.1. Preliminary Analysis and Material Preparation
In this phase, all the templates necessary for the specimen’s realization were found. Below are the
templates (Figure 1) to make thermal tests, mechanical tests, and acoustic tests.
In this phase, the devices necessary for testing were prepared:
• Electronic scale;
• Tray to calculate apparent density;
• Shredder RETSCH SM 100 with 2 mm screen;
• Dough utensils.
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Figure 1. Templates for making specimens. (a) Templates for thermal specimens; (b) Templates for
mechanical specimens; (c) Templates for acoustic specimens Φ = 100 mm; (d) Templates for acoustic
specimens Φ = 28 mm.
Therefore, the shives were shredded from 6 mm to 2 mm, so it was evenly distributed in specimens,
especially in the smaller ones. Finally, the volume of all templates was calculated. In this way, in the
screening phase, it was possible to calculate the matrix/filler ratio.
2.2. Screening and Specimen’s Preparation
In this phase, the characteristics of the specimens were assessed. It was decided to create three
different types of material by changing the volume percentage of shives in the compound, namely 5%,
10%, 20%. In all three cases, the mass of water was equal to half of the mass of lime. These concentrations
were chosen by considering the most common mixes available in the literature and other previous
studies realized at the Department of Engineering of Palermo University [24,28,32,37].
Once the screening phase was over, the specimens were made in the laboratory “for indoor
environments and sustainable technologies” of the Engineering Department. The doughs were
made to fill the templates to be used. The specimens were classified with the notation “XX-Φ-%-S”,
assuming that:
• XX: indicates the test type to which the sample will be subjected; PA (acoustic test, Prova Acustica
in Italian), PT (thermal test, Prova Termica), PM (mechanical test, Prova Meccanica).
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• Φ: specimen’s diameter (millimetres). This parameter is omitted in the specimens for mechanical
tests because they are parallelepiped.
• %: hemp shives percentage.
• S: specimen’s thickness (centimetres). This parameter is omitted in the specimens for mechanical
tests since the thickness variation is not necessary for the study.
Thence, when there is only one number after the type of test (PM, PA, PT), only the percentage of
hemp shives was indicated, since diameter and thickness do not affect the tests.
Knowing the lime and shives’ density and specimen’s volume, it was possible to calculate the
mass of total dough necessary to create all the specimens for each single percentage. These mass values
for each percentage are reported in Table 1.
Table 1. Mass compound to create specimens with different hemp shives percentage.
Components Quantities [g]
5% 10% 20%
shives 255 511 1023
lime 4861 4605 4093
water 2431 2302 2046
compound 5117 5117 5117
According to the Italian legislation (DM 17 January 2018) [38], the compound must mature for
28 days. The specimens were disarmed 4 days after the realization (see Figure 2), weighed and left
to rest until the twenty-eighth day. On the last day, they were weighed again to evaluate the weight
percentage loss due to the water evaporation (see data reported in Tables 2–4). The environment
thermo-hygrometric conditions during weighing were:
• Temperature: 24 ± 2 ◦C
• Relative humidity: 50–60%
• To make the table easier to be read, it is necessary to consider that:
• In order to have more truthful values after the experimental tests, it was decided to create more
specimens of the same type and mediate the results.
• The mechanical test specimens are parallelepipeds, 16 cm long, 4 cm high and 4 cm wide. Thence,
in their nomenclature both geometric parameters are omitted.
All specimens are subject to weight loss, depending on the shape of the specimens and the
hemp percentage. In fact, the weight reduction is between 17 and 27%, except the specimens for high
frequency acoustic tests (Φ = 28 mm), which were affected by a limited weight reduction between 6
and 8%. In these smaller specimens, there is less hemp in absolute value and therefore a smaller weight
variation compared to larger specimens in which there is much more hemp. The weight loss is only
due to the evaporation of the water contained in the specimens; in fact, the thickness of the specimens
has not significantly changed. Tables 2–4 report data on weight variation for thermal, mechanical, and
acoustic specimens, respectively, indicating the average value and the standard deviation.
2.3. Experimental Tests
In this section, the results from the acoustic, thermal, and mechanical tests are reported, considering
the three different mixes of hemp and lime.
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Figure 2. Specimens disarmed (5%, 10% and 20%, respectively).
Table 2. Weight variation during maturation of hemp shives specimens for the thermal test.
Thermal Test Specimens Initial Mass [g] Mass after 28 Day [g] Percentage Loss [%]
PT-63-5-2.5 97.83 ± 1.26 80.50 ± 0.87 17.71 ± 0.64
PT-63-10-2.5 93.33 ± 0.29 75.00 ± 1.00 19.64 ± 0.87
PT-63-20-2.5 88.33 ± 1.04 72.50 ± 0.87 17.92 ± 0.24
Table 3. Weight variation during maturation of hemp shives specimens for the mechanical test.
Mechanical Test Specimens Initial Mass [g] Mass after 28 Day [g] Percentage Loss [%]
PM-5 382.50 ± 4.22 294.67 ± 3.06 22.96 ± 0.95
PM-10 368.08 ± 6.43 279.00 ± 2.83 24.19 ± 1.19
PM-20 354.50 ± 6.08 262.00 ± 2.00 26.07 ± 1.42
Table 4. Weight variation during maturation of hemp shives specimens for the acoustic test.
Acoustical Test Specimens Initial Mass [g] Mass after 28 Day [g] Percentage Loss [%]
PA-28-5-3 23.40 ± 0.22 21.80 ± 0.27 6.84 ± 0.94
PA-28-10-3 24.00 ± 0.94 21.30 ± 0.45 11.14 ± 3.89
PA-28-20-3 22.30 ± 1.10 19.60 ± 0.42 11.98 ± 3.61
PA-28-5-4 31.10 ± 0.42 28.70 ± 0.45 7.72 ± 0.72
PA-28-10-4 31.00 ± 0.50 27.40 ± 0.22 11.59 ± 1.92
PA-28-20-4 30.80 ± 0.67 26.60 ± 0.42 13.62 ± 1.25
PA-100-5-3 345.63 ± 6.18 272.13 ± 2.46 21.25 ± 0.95
PA-100-10-3 301.17 ± 39.72 230.17 ± 28.51 23.52 ± 1.21
PA-100-20-3 317.50 ± 7.79 243.50 ± 4.64 23.30 ± 0.53
PA-100-5-4 461.00 ± 26.29 357.00 ± 18.52 22.54 ± 0.42
PA-100-10-4 412.63 ± 15.05 314.88 ± 11.40 23.69 ± 0.36
PA-100-20-4 425.83 ± 31.53 314.50 ± 21.78 26.13 ± 0.39
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2.3.1. Acoustic Tests
The tests were carried out in the acoustic laboratory located in the Engineering Department.
Following the UNI EN ISO 10534-2 standard [39], the acoustic absorption of specimens was tested
using Kundt tubes. The device is made up of two cylinders, having different diameters (100 and
28 mm). The largest one measures the sound absorption coefficient (α) in the frequency range from 100
to 1600 Hz. The smallest one measures in the range from 500 to 10,000 Hz. The main specifics of the
Kundt’s tube are reported in Table 5 [40].
Table 5. Specifics of Kundt’s tubes for the acoustic tests.
Model SCS9020B/K
Internal diameter large tube 100 mm
Measuring frequency range 50 Hz to1600 Hz
Internal diameter small tube 28 mm
Measuring frequency range 500 Hz to 10 kHz
Thickness specimen 0–250 mm
The test is based on white noise emission that hits the specimen perpendicularly. The specimen
attenuates the incident wave, turning it into heat. Thus, the device measures its sound absorption
capacity. Although a different test should be performed (for example according to UNI EN ISO 717-2
or ISO 140-12) to evaluate the transmission coefficient, if the material presents a high absorption
coefficient, the transmission coefficient is consequently limited, also allowing good performance for
the acoustic insulation of impact sounds [41].
The “dBAlphaTest” software, connected to the tube, returns the sound absorption coefficient
trend. Among the obtained results, it can be noted that, as the shives percentage increases, α improves
following a non-linear trend.
During the experimentation, all specimens, both 3 cm and 4 cm, were tested in the Kundt’s tube.
To compare the material acoustic response to the variation of the fibre percentage, a graph is given for
each type (see Figure 3A–F).
Figure 3. Cont.
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Figure 3. (A) PA-5-3 in narrow band and 1/3 octave; (B) PA-5-4 in narrow band and 1/3 octave;
(C) PA-10-3 in narrow band and 1/3 octave; (D) PA-10-4 in narrow band and 1/3 octave; (E) Best result,
PA-20-3 in narrow band and 1/3 octave; (F) PA-20-4 in narrow band and 1/3 octave.
The 20% specimens have the best absorption coefficient compared to the others. This result is
due to the greater presence of hemp shives, which favours the transformation of the sound wave into
thermal energy. For domestic use, the trend of the material at 20% hemp shives and 3 cm thickness is
preferred (Figure 3E). This because it reaches a peak of 65% around 1000 Hz, which is comparable to
the speech range, i.e. the dominant frequency in domestic environments.
2.3.2. Thermal Tests
The thermal measurements were carried out in the laboratory for “indoor environments
and sustainable technologies” of the Engineering Department. The standards ISO 8301:1991 [42],
ASTM C518-17 [43], UNI EN 12667:2002 [44] and UNI EN 12664:2002 [45] were followed.
The FOX 50 device was used to derive the material thermal conductivity coefficient. The main
specifics are reported in Table 6 [46].
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Table 6. Specifics of FOX 50 for the thermal tests.
Temperature range −10 ◦C–110 ◦C
Temperature Resolution ±0.01 ◦C
Thermal Conductivity Range 0.1 to 10 W/(mK)
Thermal Resistance Range 0.003 to 0.05 m2K/W
Accuracy, Standard ±3%
Sample Diameter 50 mm to 62 mm
Reproducibility ±2%
Instrument Weight 11 kg
Instrument Dimensions 250 mm width, 170 mm depth, 360mm height
A temperature difference is set between the device plates, in this case 15 ◦C. This ∆T generates
a thermal flow Q that passes through the specimen; therefore, it is possible to measure its thermal




where s is the thickness of the specimen and A the surface orthogonal to the thermal flow. The tests were
repeated three times for each specimen to obtain averaged values over multiple trials. As expected,
if the shives percentage increases, the apparent density decreases and the thermal insulation capacity
improves, as reported in Table 7.
Table 7. Thermal test results for the three types of specimens.
Apparent Density
[kg/m3]
Average λ Value of the
Single Specimen [W/mK]




PT-63-5 (1) 127 0.6299
0.601 0.06496PT-63-5 (2) 127 0.5433
PT-63-5 (3) 121 0.6298
PT-63-10 (1) 115 0.5977
0.588 0.06205PT-63-10 (2) 115 0.5891
PT-63-10 (3) 117 0.5770
PT-63-20 (1) 109 0.5547
0.537 0.05710PT-63-20 (2) 109 0.5511
PT-63-20 (3) 110 0.5050
2.3.3. Mechanical Tests
The mechanical tests have the aim of studying the compression and bending material resistance.
These characteristics worsen as the shives content grows, thence a right compromise must be found.
This phase was performed in the “materials and structures” laboratory of the Engineering Department
in Palermo University. The standard UNI EN 1015-11 was followed for these tests [47]. The bending
test was performed by using the “Zwick/Roell Z005” machine, which breaks the specimen through
a concentrated load in the middle, setting the load cell at 5 kN. The specifics of Zwick/Roell Z005
machine are reported in Table 8 [48].
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Table 8. Specifics of Zwick/Roell Z005 for the bending test.
Test load FN 5 kN
Test area width 440 mm
Height of test area 1070 mm
Sizes 1331 mm height, 770 mm width,358 mm depth
Total weight 110 kg
Crosshead speed 0.0005 to 1500 mm/min
Drive system’s travel resolution 0.039 µm
Positioning, repetition accuracy ±2 µm
Ambient temperature +10 ◦C to +35 ◦C
Air humidity 20% to 90%
During the mechanical test, “testXper II” software drew the graph showing the trend of the
lowering as a function of the load. These values were converted to bending strength, fm. (Equation (2)),





• F is the maximum load applied to the specimen, in Newton.
• l is the distance between the support rollers, in millimetres.
• b is the width of specimen, in millimetres.





where: b base, f lowering, l distance between supports. The bending strength trends for specimens
at 5% of hemp shives (Figure 4), 10% of hemp shives (Figure 5) and 20% of hemp shives (Figure 6)
are shown below.
Figure 4. Bending strength PM-5.
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Figure 5. Bending strength PM-10.
Figure 6. Bending strength PM-20.
The results obtained show that the greatest resistance was recorded in the case of the 5% shives
material (Figure 4).
Subsequently, the compression test was carried out using the two parts obtained from the bending
test. Following the same procedure, with “TestPilotETM” software, the values of the load impressed
in relation to the lowering are obtained. In the same way of the previous test, the parameters are
converted into compression strength, fc, and deformation, D%. In detail, the compression strength is





where Fmax is maximum force measured during the test and A the surface calculated as the product of
the specimen thickness and the machine support. The compression stresses trends for specimens at 5%
(Figure 7), 10% (Figure 8) and 20% (Figure 9) are shown below.
In particular, the graph with the trend of the specimens at 5% shows the values of compressive
strength higher than the other two percentages. Here the tested specimens are six and not eight because
two accidentally broke after the bending tests.
To get an overview, all the mechanical results have been brought together in a single diagram,
for bending and compression, where the average values by percentage are shown (Figure 10).
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Figure 7. Compression strength PM-5.
Figure 8. Compression strength PM-10.
Figure 9. Compression strength PM-20.
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Figure 10. Average bending and compression strength by percentage.
3. Conclusions
An experimentation on this type of topic makes it possible to deal with very current issues
such as green building and environmental sustainability. Bio-lime and shives lend themselves well
to supporting this topic, being of natural origin and recyclable. Analysing the mixture from an
ecological point of view, it turns out that the union of these two natural materials gives benefits: to the
environment, because the hemp plant during its life transforms CO2 into oxygen, thus removing it from
the air. The union of lime and hemp gives benefits to the indoor environment because it returns it to
healthiness. In fact, lime is often referred to as a “hygrometric lung” of a home, because its high vapor
permeability facilitates the transfer of humidity and prevents the development of condensation inside
the environment. Thus, mould does not develop, which can be harmful to the occupant’s health [49].
Its union with the shives gives birth to a material that can be used in a delicate sector such as that of
restoration of heritage buildings.
This aspect combines the need to modernize an ancient structure with the need to make it
energetically efficient. In fact, the values of thermal conductivity coefficient between 0.05 and 0.1 W/m
are acceptable to achieve good energy savings compared to a non-thermally insulated structure.
We have chosen to compare the values obtained from the experimental study with those of some
lime-based plasters that are currently on the market (Table 6). The comparison considers materials that
can be used to create the surface layer of the walls, where otherwise the insulating material would be
applied in existing buildings.
The values reported in Table 9 reveal that the mixture in shives lime gives comparable
thermomechanical characteristics, and in some cases even better than the products already on
the market. The study carried out has shown that the increase in percentage of hemp shives in the
mixture allows it to have a material with good performances. As expected, before the thermal test,
as the percentage of filler increases, the thermal conductivity decreases more. This improves the
insulating effect. This claim is supported by the fact that λ values of 0.01 W/mK are found in the
literature. As regards the sound absorption values, it has been shown that they increase as the
percentage of hemp shives increases. The material, subject of the evaluation, compared to commercial
mortars is often superior, like Table 9 shown.
The results here reported encourage the development of this kind of material, due to its
good thermal, mechanical and acoustic properties. There is room for further improvements of all
characteristics, considering for example the sizes of hemp shives and their ratio in the mix. Future works
will consider the effects on the thermal and acoustic properties due to different levels of environmental
humidity, as well as the evaluation of the fire resistance performance, which is an important aspect,
especially for heritage buildings.
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Table 9. Comparison with plasters on the market.
Apparent Density
[kg/m3] λ [W/mK] α fm [MPa] fc [MPa]
Lime + shives (5%) 1245 0.601 0.5 (5kHz) 0.746 3.45
Lime + shives (10%) 1158 0.5879 0.5 (350Hz) 0.674 2.12
Lime + shives (20%) 1092 0.5369 0.65 (1kHz) 0.625 1.5
Commercial lime kind 1 1700 0.8 0.3 / 7
Commercial lime kind 2 950 0.21 0.3 2 5
Commercial lime kind 3 2000 0.78 0.3 0.5 3.5
Note. /: missing value.
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Nomenclature
CO2 Carbon dioxide
CO2eq Carbon dioxide equivalent
NHL Natural hydraulic lime
PA Acoustic test specimens
PM Mechanical test specimens
PT Thermal test specimens
α Acoustic absorption coefficient
A
Surface calculated as the product of the specimen
thickness and the machine support




d Depth of the specimen
fc Compression strength
f f Flexural strength
Fmax Maximum load during the test
λ Thermal insulation coefficient
l Distance between the support rollers
S Thickness
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